Abstract. Laminated composites have important applications in modern aeronautical structures due to their extraordinary mechanical and environmental behaviour. Nevertheless, aircraft composite structures are highly vulnerable to impact damage, either by low-velocity sources during maintenance or high-velocity sources during in-flight events. Even barely visible impact damage induced by low-velocity loading, substantially reduces the residual mechanical performance and the safe-service life of the composites structures. Despite the extensive research already carried out, impact damage of laminated composite structures is still not well understood and it is an area of on-going research. Numerical modelling is considered as the most efficient tool as compared to the expensive and time-consuming experimental testing. In this paper, a finite element model based on explicit dynamics formulations is adopted. Hashin criterion is applied to predict the intra-laminar damage initiation and evolution. The numerical analysis is performed using the ABAQUS ® programme. The employed modelling approach is validated using numerical results found in the literature and the presented results show an acceptable correlation to the available literature data. It is demonstrated that the presented model is able to capture forcetime response as well as damage evolution map for a range of impact energies.
Introduction
Laminated composites are increasingly being used in the aviation industry due to their superior mechanical properties (specific stiffness and strength) and their competitive, through-life environmental behaviour (fatigue and corrosion resistance). These characteristics make them preferred materials for lightweight and more efficient aerospace structures, all of which translates into reduced costs [1] . However, it is well-known that aircraft composite structures are susceptible to impact damage, either by low-velocity sources during maintenance (e.g. accidental collision with ground vehicles, dropped tool events) or high-velocity sources during in-flight events (e.g. bird or lighting strikes). The National Aerospace Laboratory (NLR) in the Netherlands investigated the amount of ground handling incidents in 2008 and found out that 1 out of 5000 flights had a ground handling event, ranging from a small scratch to severe damage. This means that approximately 60% of all aircraft incidents occur in combination with ground handling [2] . When subjected to lowvelocity impact loading, a composite structure is degraded through various failure mechanisms and may lose up to 50% of its strength even with a disregarded, barely visible impact damage (BVID) [3] . Despite extensive research carried out in the last two decades, impact damage of laminated composite structures is not well understood due to the complexity and non-linearity of the damage zone and it is still an area of on-going research [4] . Therefore, it is essential to study the low-velocity impact behaviour and model the damage development of composite laminates. Numerical modelling is considered as the most efficient tool as compared to the expensive and time-consuming experimental testing.
Numerous studies have been carried out to investigate the low velocity impact response of laminated composite structures. A reference list and a summary of some important earlier numerical studies is reported in a recent paper [5] . Furthermore, an extensive literature review for contact and impact dynamics is provided by Gilardi and Sharf [6] . In this paper, a finite element approach is adopted for the low-velocity impact simulations of the laminated composite structure that accounts for intralaminar damage (matrix and fibre-dominated damage). The proposed method is based on explicit dynamics formulations and also employs the Hashin criterion [7] in order to predict the intra-laminar damage initiation and evolution. The numerical analysis was performed using the ABAQUS ® programme [8] . The simulation results show good agreement with corresponding data found in the open literature, where possible. The numerical analysis demonstrates that the model can reasonably capture both the qualitative and quantitative aspects of intra-laminar damage (matrix and fibre-dominated damage) for a range of impact energies. Specifically, the presented computational approach is able to predict the force-time response generated due to the impact which is considered as the most important parameter influencing the structural integrity of the structure. Furthermore, it can capture damage parameter maps showing the damage shape evolution in the matrix material or fibre, and thus can be used as a damage assessment computational tool.
Computational approach
In order to perform an accurate assessment of the structural integrity of a component after a low-velocity impact, an efficient computational tool predicting its response under the specific impact conditions could be very valuable. Based on this concept, the proposed method concerning aeronautical structures is based on explicit dynamics formulations. The computational approach is described in the following sections.
Geometry
The impactor is assumed to be a rigid ball of 20mm diameter with an initial velocity specified in a direction normal to the plane of the plate. The plate is a square of 80 mm side length. For efficiency reasons, the plate is modelled as a 2D structure via the utilization of conventional shell elements. Various values of plate thickness are adopted depending on the simulation test.
Finite element model formulation
The governing equations for an explicit or implicit dynamics problem may be expressed in matrix form as
where and are the mass and stiffness matrices of dimensions equal to the number of degrees of freedom, is the generalized nodal coordinates vector, and ( ) is the force vector due to the impact. The contact force is obtained by using the penalty contact algorithm [8] .
The mass and stiffness matrices may be obtained by using conventional finite element assembly techniques according to the geometric, material and mesh characteristics. Concerning explicit dynamics analysis and for a state of dynamic equilibrium, the constructing diagonal (lumped) element mass matrices are used in order to compute the nodal accelerations ̈ at the beginning of each time increment according to the following equation:
where ( ) is the internal force vector, and subscript refers to the time increment number within an explicit dynamic step. The explicit solver [8] integrates nodal accelerations that are calculated at the time point using the explicit central-difference integration algorithm to advance the velocity solution ̇ to time + ∆ /2 and the displacement solution to time + ∆ as:
where is a degree of freedom (displacement or rotation). The central-difference integration algorithm is explicit in a sense that kinematic state is advanced using the known values of
and ü( ) from the previous time step. The explicit solver can perform analysis on a large number of small inexpensive time increments to ensure that the central-difference integration rule is stable. In order to extract accurately the dynamics response in such a ratesensitive problem, the higher time increment size (∆ ) is estimated as ∆ = √ / where is the material density, is the modulus of elasticity, and is the smallest element length.
Progressive damage model for composite structures
Damage initiation and propagation in composite laminated structures is far more complex than that of isotropic materials. In composites, each layer is subject to damage or failure; therefore, a single layer or a part of it may suffer damage that propagates within the same layer or even to other layers. When the damage propagates within the laminate, the load is redistributed within each layer according to the stiffness degradation, so the damage progression does not necessarily indicate complete failure of the structure. To simulate this phenomenon, Hashin's failure criterion is implemented. According to Hashin theory [7] , the damage initiation should be activated by meeting one of the following failure criteria:
Fiber tension:
Matrix tension:
Fiber compression:
Matrix compression:
where Τ is the tensile strength in the fiber direction, C is the compressive strength in the fiber direction, Τ is the tensile strength in the direction perpendicular to the fibers, C is the compression strength in the direction perpendicular to the fibers, L and Τ are the longitudinal and transverse shear strengths, respectively, is a coefficient that determines the contribution of the shear stress to the fiber tensile initiation criterion, and ̂ is the effective stress which is introduced to account for the area reduction and is defined as: 
where , , and are damage variables associated with fiber, matrix, and shear damage, respectively, while is the apparent stress prior to damage initiation. These damage variables can have values between zero and one, depending on the damage progression.
Results and discussion
The demonstration of the method accuracy is required in order to be considered capable for damage assessment in real aeronautical structures. For this reason, aluminium and composite materials are used and impact conditions similar to those found in the open literature are assumed for validation purposes. The complete set of tests performed in this work and the corresponding physical properties and conditions are presented in Table 1 . The first set of tests (Test 1) concerns a typical aluminium plate. The elastic mechanical properties for the specific isotropic material are E = 70GPa (Young's modulus) and v = 0.3 (Poisson's ratio). In the first transition impact simulation, the plate is considered to behave fully elastically. The contact force that is generated due to the impact is considered as the most important parameter influencing the structural integrity of the structure. For this reason, it is calculated and its time-history is depicted in Fig. 1 . Since the magnitude of contact force takes relatively high values despite the low energy of the impact, the plastic behavior should be also considered. Hence, a bi-linear plastic model for the aluminum is also assumed in the next simulation. The yield stress is considered to be Sy = 200GPa. The corresponding contact force is calculated and presented in Fig. 1 , as well. It is noticed that there is a remarkable difference in the contact force response and, thus, the plastic response of a ductile material should be introduced in such a computational model. The maximum contact force calculated in the elastic case is 8229N and the corresponding one in the bi-linear model is 6948N. The next set of tests (Test 2) concerns laminated composite materials. The physical properties and impact test boundary and initial conditions are described in Table 1 . The orthotropic material parameters as well as the values of the progressive damage model parameters are presented in Table 2 . The finite element analysis reveals the contact force time-history behavior that is illustrated in Fig. 2 . In order to examine the effect of impact energy in damage occurred after a low velocity impact, different values of the impactor mass are assumed. The higher the impactor mass, the higher the contact force during the transition impact.
Here, as also in Fig. 1 , multiple peaks of contact force are depicted. This phenomenon is also observed in a previous relevant work [4] concerning the transition impact simulation. This could be explained from the vibrational behaviour of the plate during the impact, in which the fundamental and higher modes of plate vibrations force the plate contact area to move in the same or the opposite direction with respect to the impactor velocity. The calculated values of maximum contact force in all simulations are compared with the corresponding ones extracted by other methods, where possible. The comparison which is provided in Table 3 , reveals a reasonable agreement between the different methods. Since the developed computational models are now validated, they can be utilized for a damage assessment of laminated composite structures suffered from a low-velocity impact. Fig. 3 depicts the matrix damage which occurs in two plies of the composite structure due to various low-velocity impacts. The damaged area described by the red color, while the undamaged one by the blue. It is noticed that no damage is predicted for the fibres regarding the specific impact energy cases. As expected, the damage is higher as the impact energy increases due to the higher impactor mass. The shape of the damage area illustrated in damage parameter maps are consistent with the corresponding ones found in the literature [5, 9] . 
Conclusions
A composite damage model that accounts for intralaminar damage (matrix and fibredominated damage) has been presented. The comparisons with results taken from the literature have shown a high degree of capability in predicting impact characteristics, as well as impact damage. According to the results of this work, the following concluding remarks arise:  The non-elastic behaviour of the material influences remarkably the results of a low velocity impact simulation and, thus, it is required to be incorporated into the computational model.  The model is able to capture force-time response for a range of impact energies.  The contact force and the damage area increase as the impact energy becomes higher.  The method is capable of capturing damage parameter maps showing the damage shape in matrix material or fibre, which can be used as a damage assessment computational tool.
